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Abstract Although ephemeral catchments are widespread in arid and semiarid climates, the relationship
of their water balance with climate, geology, topography, and land cover is poorly known. Here we use 4
years (2011–2014) of rainfall, streamﬂow, and groundwater level measurements to estimate the water
balance components in two adjacent ephemeral catchments in south-eastern Australia, with one catchment
planted with young eucalypts and the other dedicated to grazing pasture. To corroborate the interpretation
of the observations, the physically based hydrological model CATHY was calibrated and validated against
the data in the two catchments. The estimated water balances showed that despite a signiﬁcant decline in
groundwater level and greater evapotranspiration in the eucalypt catchment (104–119% of rainfall) com-
pared with the pasture catchment (95–104% of rainfall), streamﬂow consistently accounted for 1–4% of
rainfall in both catchments for the entire study period. Streamﬂow in the two catchments was mostly driven
by the rainfall regime, particularly rainfall frequency (i.e., the number of rain days per year), while the down-
slope orientation of the plantation furrows also promoted runoff. With minimum calibration, the model was
able to adequately reproduce the periods of ﬂow in both catchments in all years. Although streamﬂow and
groundwater levels were better reproduced in the pasture than in the plantation, model-computed water
balance terms conﬁrmed the estimates from the observations in both catchments. Overall, the interplay of
climate, topography, and geology seems to overshadow the effect of land use in the study catchments,
indicating that the management of ephemeral catchments remains highly challenging.
1. Introduction
Land use and land use change play key roles in the human-induced environmental change that the world is
currently experiencing [Sterling et al., 2012], increasing pressures on natural resources in managed land-
scapes [Foley et al., 2005]. The growing demand for food requires intensive use of land for agricultural pro-
duction and grazing, with consequent depletion of groundwater resources [Famiglietti, 2014]; at the same
time, unused or degraded agricultural land is often converted to tree plantations for timber production or
carbon bio-sequestration [Jackson et al., 2005].
In rural catchments, it has been observed worldwide that the establishment of plantations tends to reduce
streamﬂow at the catchment outlet, thereby reducing fresh water resources available for downstream users
and ecosystems [Brown et al., 2005]. This reduction is attributed to the larger interception and water use of
trees when compared with pasture and crops. The deeper root system of trees reduces groundwater
recharge and may lead to direct uptake of groundwater for transpiration [Engel et al., 2005; Benyon et al.,
2006; Feikema et al., 2010; Nosetto et al., 2012]. Since water availability at catchment outlets is important for
human uses and to sustain ecosystems [Snyder and Williams, 2000; Smakhtin, 2001], considerable effort has
been devoted to understanding the links between land use and streamﬂow, largely through paired catch-
ment experiments [e.g., Brown et al., 2005]. Most of the available studies refer to perennial streams in
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catchments with average annual pre-
cipitation greater than 800 mm [Brown
et al., 2005; Farley et al., 2005; Jackson
et al., 2005]. These studies focused on
streamﬂow, with little data on ground-
water levels. In lower rainfall regions
and ephemeral catchments, where
evapotranspiration might equal or
exceed annual rainfall, the dearth of
experimental observations makes esti-
mates and predictions of the relation-
ship between land use and water
resources highly uncertain [Jackson
et al., 2009; Dye, 2013]. The processes
leading to runoff generation in ephem-
eral catchments have not been studied
in depth and are strongly dependent
on the combined effect of climate,
catchment geology and topography as
well as land use. At the regional scale,
the effect of land use has been
observed to have a lower effect than
annual rainfall and catchment charac-
teristics other than land cover [e.g.,
Chiverton et al., 2015]. In a south-
eastern Australian example, Yhidego
and Webb [2011] found that climate,
especially rainfall, was the main driver
of groundwater levels, with land cover
playing a secondary role based on
statistical models that reproduced
groundwater levels in three local aqui-
fers. Likewise, Brown et al. [2015] found
that at regional scales in the same part
of Australia, the effect of land use and
land use change (speciﬁcally, Eucalyptus
reforestation) had no impact on stream-
ﬂow, which was instead mainly driven
by climate variability.
These contrasting results from different climatic areas pose serious challenges for land management, espe-
cially in small catchments that are often affected by local water resource plans. For example, the conse-
quences of afforestation on streamﬂow are so important that in South Africa and South Australia tree
plantation water use is regulated by the state [Greenwood, 2013]. However, it has been recognized that
these regulations are based on limited evidence [Dye, 2013], and are sometimes guided by simplistic mod-
els that are not able to represent the response of catchments to land use changes across different climatic
conditions and catchment characteristics [Greenwood et al., 2014]. Hydrological models designed for
ephemeral catchments are less common than models used for perennial stream systems [e.g., Viola et al.,
2014], since they need to account for the highly nonlinear response of streamﬂow to rainfall events and the
moisture conditions antecedent to rainfall events [Ye et al., 1997, 1998]. Models used in ephemeral catch-
ments are often conceptual, with a limited number of parameters [e.g., Ye et al., 1997, 1998; Viola et al.,
2014], with physically based and spatially distributed models only recently applied to ephemeral catch-
ments [Camporese et al., 2014a; Niedda and Pirastru, 2014; Jiang et al., 2015]. Models of ﬂow duration curves
designed for ephemeral streams are also available in the literature [Viola et al., 2011; Pumo et al., 2014].
Figure 1. Eucalypt catchment and pasture catchment, and the location of the
streams, weirs and bores and their reference numbers; ‘‘L’’ denotes the presence
of a water level logger in the bores. Green is tree cover and white is pasture cover;
tree row orientation is indicated by the dashed white lines. Average depth to
water table relevant to tree rooting depths for E. globulus [Benyon et al., 2006] is
shown for the Eucalypt catchment only (30% of catchment has root depth lower
than 6 m, and 38% of catchment lower than 8 m). The inset shows the location of
study site in Australia.
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Here we present annual water balances from 2011 to 2014 in two ephemeral catchments in south eastern
Australia. The study catchments, similar in size and topography, differ in land use, with one catchment a
young eucalypt plantation and the other grazing pasture. This study aims to (1) deﬁne the importance of
groundwater level decline as a result of the recent conversion from pasture to tree plantation, to streamﬂow
using climate, hydrology, and hydrogeology data from both catchments, and (2) corroborate the interpreta-
tion of the measurements, especially in terms of overall catchment water balance and generation of stream-
ﬂow, using the integrated surface–subsurface hydrological model CATchment HYdrology (CATHY). It is
hoped this will illuminate the challenges of hydrological monitoring, modeling, and management in
ephemeral catchments.
2. Methods
2.1. Site Description
The study area consists of a pair of small, adjacent catchments located in south-western Victoria in south-
eastern Australia (237.398, 142.398); one catchment is 0.8 km2 and is predominantly covered (76% of the
catchment area) by a Eucalyptus globulus (Blue Gum) plantation established in July 2008, while the other
catchment is a 0.5 km2 farm, mostly pasture for sheep grazing (Figure 1), with a small area of trees
(eucalypts, 0.03 km2). Both catchments are underlain by the same weathered/fractured rock aquifer, the
Devonian Dwyer Granite (390–395 Ma) [Hergt et al., 2007; VandenBerg, 2009]. The upper 10–20 m of the
granite is well-weathered, porous and permeable saprolite; below this is relatively fresh, fractured bedrock.
The two catchments will be referred to as the eucalypt and pasture catchments, respectively.
Prior to tree planting in July 2008, the eucalypt catchment was predominantly grazing pasture. During
planting, this catchment was ripped to an average depth of 800 mm, and mounding was built to an average
height of 300 mm. The designed stocking density was 1010 trees per ha (2.2 m between trees along a row,
and 4.5 m between rows), and fertilizer was applied to the mounds at 60 kg per ha (R. McEwen, McEwens
contracting, personal communication, 2011).The tree rows run east-west in the main north-eastern part of
the catchment, and north-south to the west of H Addinsalls Rd. (Figure 1). In surveys taken in 2011, 2013,
and 2015, the mean height of trees was 8.9, 11.4, and 13.7 m with the mean diameter at breast height over
bark of 9.6, 12.2, and 14.3 cm, respectively; the number of trees per hectare declined from 1139 in 2011 to
889 in 2015 (D. Shelden, Macquarie forestry, personal communication, 2014). The eucalypt catchment
understory was periodically grazed by cattle. Both catchments were originally open eucalypt woodland
prior to European settlement and conversion to pasture occurred in the late 1800s. There are two small
dams in each catchment (10–50 m2 in area), and the roads at the site are single lane and unsealed. Details
on the geology of the two catchments are provided in Dean et al. [2015]. The topography of the site (hills in
the middle of a broad valley) suggests that both catchments are local groundwater systems, with no
regional groundwater inputs (Figure 1).
The climate is Mediterranean or maritime/temperate (Cfb in the K€oppen classiﬁcation); the average annual
rainfall for the area since records began in 1902 (Australian Bureau of Meteorology) is 672 mm, and the
average annual pan evaporation was estimated at 1315 mm, exceeding rainfall for the majority of the year,
excepting the winter months of May through September [Dean et al., 2014].
2.2. Monitoring Network
2.2.1. Groundwater and Surface Water
The eucalypt catchment has 10 bores and the pasture catchment has 13 bores drilled to varying depths
(Supporting Information Table S1). All of the bores in the eucalypt catchment were drilled in August 2009
except bores E83, E84, and E85, which were installed in the mid-1990s. Two bores in the pasture catchment
(P95 and P96) were installed in 2009, while the rest were installed in the late 1980s. Groundwater loggers
were installed in every bore in the eucalypt catchment in August 2009, measuring at a minimum 4 h time
interval; eight bores in the pasture catchment have a logger measuring at the same frequency (Figure 1).
Prior to installation of groundwater loggers in the older bores in both catchments, groundwater levels were
generally measured manually every month. There is a V-notch weir at the outlet of each catchment on both
creeks, with one bore immediately adjacent to the weir in the eucalypt catchment and two bores next to
the pasture catchment weir (Figure 1). The bores adjacent to the weirs have Campbell CS450-L pressure
transducers (accuracy6 0.01 m) measuring water level, temperature and electrical conductivity (EC) at 30
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min intervals, while the other bores have Schlumberger Mini Diver loggers (accuracy6 0.025 m) measuring
water level and temperature. At the weirs the surface water level was measured using a standard V notch
construction, and EC was logged in the weir pool along with water level at 30 min intervals [Dresel et al.,
2012]. The weir rating curve was provided by the installation contractor. The minimum water level meas-
ured is approximately 20.2 m in local coordinates, relative to the stick gauge in the pool. The minimum
level for ﬂow through the weir is 0.1 m; the top of the V notch is at 0.3 m.
A weather station was installed on the ridge between the two catchments where solar radiation, wind
speed and direction, relative humidity, ambient temperature, and rainfall were measured at 30 min intervals
(Decagon Devices Inc. Em50g). Daily rainfall measurements were also available from an Australian Bureau of
Meteorology (BoM) station approximately 2 km south of the study site (station number 089019); these cor-
related well with onsite rain gauges. Data from the onsite gauges were not used in the water balances or as
model inputs due to periodic issues with the instruments. The measured climate parameters were used to
calculate vapor pressure deﬁcit (VPD) based on Allen et al. [1998].
2.2.2. Sap Flow
Sap ﬂow measurements were used to estimate transpiration, which was then used to assess actual evapo-
transpiration (ETa) in the eucalypt catchment. Sap ﬂow was measured using the Edwards Industries Heat-
Pulser setup based on methods described in Green et al. [2003] and Steppe et al. [2010]; heat-pulse times
were recorded on a Campbell Scientiﬁc CR1000 logger at 30 min intervals. The Edwards Industries sap ﬂow
sensors were installed in three 4 m 3 4 m plots within the plantation; the plot sizes were necessarily small
due to the presence of young bulls sharing the paddock, and heavy duty fencing had to be installed. Plot 1
was close to the ephemeral drainage line near bores E84/5, Plot 2 halfway up the slope towards the top of
the catchment near bore E83, and Plot 3 was installed at the top of the catchment near bore E97; average
groundwater levels were at different depths in the three plots (Supporting Information Figure S1).
In early October 2011, one sap ﬂow sensor per tree was installed in four trees in each plot, at a depth of
0.5 cm below the bark. This setup was kept until mid-April 2012, when one sensor in each plot was removed
and reinstalled deeper (2.5 cm beneath the bark) into a tree with a shallow sensor already installed. This sec-
ond setup was designed to take into account variations in sap velocity across the proﬁle of the sap wood,
and remained until late September 2012 (except Plot 1, which failed in late May). A third setup involved the
installation of four sensors in two new trees in each plot, at different depths in the sapwood (0.5, 1.5, 2.0,
and 2.5 cm beneath the bark; Supporting Information Tables S2 and S3). Again, this design was intended to
further ensure that variations in sap velocity across the xylem were taken into account, but unfortunately
only the setup in Plot 3 worked with this conﬁguration, while the sensors in the other two plots failed. How-
ever, there was good agreement in sap ﬂow estimates across all setup conﬁgurations indicating that intra-
and intertree differences in sap velocity are reasonably accounted for in the transpiration and error esti-
mates. Wood and wound parameters (Supporting Information Table S3) were determined using the meth-
ods prescribed in the Edwards Industries HeatPulser manual, following the methodology of Swanson and
Whitﬁeld [1981] and Steppe et al. [2010]. For those trees where wounding and wood parameters were not
measured, average values from the entire study period were used.
Transpiration was calculated from 30 min measurement intervals, summed to give daily values, and extrap-
olated to the entire area of the active xylem in the measured tree to give a ﬂux (volume per area of xylem;
where there was more than one sensor per tree, the xylem area used was divided by the number of sensors
present). This was then up-scaled to provide ﬂuxes per ha using the tree density of 1010 stems per ha for
2012 (section 2.1). These values were then converted to mm for comparison with the other ETa estimates.
Night time ﬂuxes were assumed to be zero as night time ﬂow is often highly variable and hard to separate
from background sap ﬂow using the heat pulse method [Benyon, 1999; Burgess et al., 2001; Link et al., 2014].
ETa estimates in the eucalypt plantation are based on the sap ﬂow measurements using only data from Plot
3, as this was the longest and most complete set of data, and consistently gave values in between the upper
and lower bounds of Plot 2 and Plot 1, respectively; however, data from all the plots is presented here for
completeness (Supporting Information Figure S2).
2.2.3. Eddy Covariance
An open path eddy covariance system (IRGASON, Campbell Scientiﬁc) was installed in the pasture catch-
ment to measure evapotranspiration from March 2012 to February 2013, providing almost 1 year of ETa
measurements. The system was located in the northeast of the catchment at an elevation of 291 m a.s.l.,
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with sensors placed 3.20 m above the ground (Figure 1). The dominant wind direction is from the southeast
and thus this setup ensured that pasture dominated the instrument footprint. Wind and water vapor data
were collected at a frequency of 10 Hz and subsequently used to estimate hourly evapotranspiration ﬂuxes
with the software EddyPro (LI-COR Biosciences, 2012). Hours with signiﬁcant rainfall were removed because
the water droplets interfered with the open path infrared gas analyzer. The evapotranspiration measured
using eddy-covariance in the pasture catchment from 16 March 2012 to 29 February 2013 was extrapolated
to ﬁt the same time period as the annual water balance (February 2012 to January 2013) by assuming aver-
age daily evapotranspiration for the missing days in February and March 2012.
2.3. Water Balance
Water balances were carried out for 4 years (February 2011 to January 2012, February 2012 to January 2013,
February 2013 to January 2014, and February 2014 to January 2015) for both catchments using the
equation:
P5ETa1Q1Dh1GWout; (1)
where P is precipitation, ETa is actual evapotranspiration, Q is runoff (taken as total annual streamﬂow at the
weirs divided by the catchment area), Dh is the change in groundwater storage, and GWout is the outﬂow of
groundwater divided by the catchment area. Accordingly, all values in equation (1) are equivalent water
depths (mm). The equation was rearranged to solve for ETa for comparison with the direct measurements
of transpiration from both catchments.
The change in groundwater storage (Dh) was calculated as the average change in water table height in
bores in each catchment, multiplied by the speciﬁc yield estimated at the study site (0.0956 0.014) [Dean
et al., 2015]. The change in water table height was calculated from the groundwater level loggers by taking
the difference in groundwater level from one time-step to the next, and then summing them for the whole
year. There was signiﬁcant barometric noise in the data that could not be removed using traditional meth-
ods [e.g., Toll and Rasmussen, 2007; Butler et al., 2011], because the changes in water level were positively
rather than negatively correlated with barometric pressure; therefore, a 15 day moving average of the
groundwater level, and a 15 day time step was used to remove the small barometrically forced ﬂuctuations
that bear no relationship to rainfall [Dean et al., 2015].
Groundwater discharge at the catchment boundary (Qout) was calculated using Darcy’s law:
Qout52KiA; (2)
where K is the average hydraulic conductivity of the weathered upper 10–20 m of the granite aquifer (dis-
cussed below), i is the hydraulic gradient at the downstream end of the catchments, and A is the cross-
sectional area of the catchment aquifer at its downstream discharge point. The hydraulic gradient i was cal-
culated as the average difference in water level in bores at the downstream end of the catchment (E93–E90
and P74–P96 in their respective catchments) for each year, divided by the distance between them. The
cross-sectional area A, through which groundwater is assumed to ﬂow out of the catchment, was estimated
by the width of the catchment at the downstream end, multiplied by the soil depth used in the model simu-
lations (see section 2.4.2; 2500 m2 in the eucalypt catchment and 1310 m2 in the pasture catchment); it is
possible that heterogeneous fracture ﬂow may occur in the weathered granite aquifer here, but we do not
see evidence for this occurring at the catchment outlets deﬁned in this study [Dean et al., 2014]. GWout val-
ues were then calculated by multiplying Qout by the number of days in each year and dividing by the catch-
ment area to obtain an equivalent depth.
Hydraulic conductivity values were obtained from slug tests that were carried out on six bores by injecting
2 L of water into the well and recording the change in hydraulic head every minute using the already
installed groundwater level loggers (Supporting Information Table S1). Hydraulic conductivity (K) was then
calculated using Hvorslev’s [1951] method:
K5
r2ln Le=r’ð Þ
2Let0:37
; (3)
where r is the radius of the well casing, r0 is the radius of the well screen, Le is the length of the
well screen, and t0.37 is the time at which the drawdown ratio equals 0.37. The median K value of
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the six measurements was then used for both catchments (2.2 3 1026 m/s; Supporting Information
Table S1).
2.4. Integrated Modeling
2.4.1. Model Description
CATHY belongs to the class of recently developed hydrological simulators that resolve in detail the interac-
tions across the land surface–subsurface continuum [Maxwell et al., 2014; Paniconi and Putti, 2015]. CATHY
couples a three-dimensional solver of the Richards equation for subsurface ﬂow in variably saturated soil
with a one-dimensional diffusion wave approximation of the de Saint Venant equations for surface water
dynamics [Camporese et al., 2010].
Rainfall during storm events and potential evapotranspiration during interstorm periods are the main forc-
ings of the model, which partitions these forcings into surface runoff, inﬁltration, actual evapotranspiration,
and changes in storage. In addition to digital terrain data, rainfall and potential evapotranspiration, input
for the model includes surface ﬂow parameters, such as Gauckler-Strickler conductance coefﬁcients for hill-
slopes and channels, and subsurface properties, such as saturated hydraulic conductivity and soil retention
curves. To take into account surface roughness and microtopography, surface ﬂow occurs when a minimum
water depth (hmin) on the surface is exceeded [Camporese et al., 2014a]. Overland ﬂow is assumed to con-
centrate in rills or rivulets conﬁned to hillslope cells, while channel ﬂow occurs on stream cells [Orlandini
and Moretti, 2009; Camporese et al., 2010]. Details of the numerical solutions of the model are in Paniconi
and Putti [1994] and Orlandini and Rosso [1996].
Actual evapotranspiration (ETa) is computed using a sink term (S) in the Richards equation to account for
root water uptake, as in Camporese et al. [2015]. Potential transpiration is distributed across the root depth
as a function of the root distribution, b, which is expressed as:
b zð Þ5 12 z
zm
 
e2
pz
zm
z; (4)
where z is depth (i.e., positive downward), zm is the maximum rooting depth, and pz is an empirical shape
parameter [Vrugt et al., 2001]. Water stress is modeled using a reduction function a dependent on soil mois-
ture h [Feddes et al., 1976]. Accordingly, the reduction function is zero at saturation, when oxygen stress
inhibits root water uptake, then a increases linearly up to 1 at the anaerobiosis point (han) and the vegeta-
tion transpires at its potential rate until soil moisture remains above a certain value associated with incipient
water stress (href); when soil moisture falls below href, transpiration reduces linearly until it reaches zero at
the wilting point (hwp).
Using this formulation, the actual root water uptake rate from the ith node along each vertical series of
nodes in the three-dimensional grid can be calculated as:
S zið Þ5a hið Þ b zið ÞDziXm
i51
b zið ÞDzi
ETp; (5)
where Dzi is the layer thickness associated with the ith node, m is the total number of nodes along the verti-
cal direction with depth not exceeding zm, and ETp is potential evapotranspiration. This root water uptake
model was used in the simulations of both the pasture and eucalypt catchments. We did not distinguish
between soil evaporation and transpiration to limit the number of calibration parameters in the model; we
also did not account for seasonal cycles in vegetation growth, which occurs especially in the pasture. Root
water uptake compensatory mechanisms were not included here, contrasting with Camporese et al. [2015].
2.4.2. Simulation Setup
Starting from a 20 m 3 20 m resolution DEM, three-dimensional subsurface grids were constructed for both
catchments. Based on geological information (section 2.1), the soil depths for both catchments were limited
to 10 m, for a total of 16 vertical discretization layers and the bedrock was assumed parallel to the surface.
The vertical discretization is not uniform, with layers progressively coarsening with depth, starting with the
thinnest mesh stratum (0.05 m) at the surface, needed to accurately resolve rainfall–runoff–inﬁltration parti-
tioning. The resulting 3D grids contain 34,153 nodes and 182,880 tetrahedral elements for the eucalypt
catchment and 22,066 nodes and 116,160 elements for the pasture.
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We simulated the period from 16 February 2011 to 15 February 2012 for calibration purposes and from 16
February 2012 to 15 February 2015 for validation, to compare measured with simulated streamﬂow, water
table levels, and ETa for the validated model.
The atmospheric boundary conditions consisted of rainfall as measured by the BoM rain gauge and poten-
tial evapotranspiration (ETp) provided by the SILO database [Jeffrey et al., 2001] according to Morton [1983].
Actual evapotranspiration (ETa) was then calculated by the model depending on the values of Feddes’
parameters (han, href, hwp, zm, and pz), as described in the previous section. No-ﬂow conditions were assigned
to the bottom of the grids and all the lateral boundaries.
The initial conditions for the calibration simulations were generated by running a warm-up period for the
previous 10 years (2001–2011), using measured rainfall rates and estimated ETp ﬂuxes. A warm-up period of
2 years is usually sufﬁcient to obtain a state that is physically realistic and essentially independent of the
conditions assigned at the beginning of the warm-up [e.g., Camporese et al., 2014a,b], but in this case we
had to account for the land use change that occurred in the eucalypt catchment when the trees were
planted in 2008 and the possibility that the related impact could affect the dynamics of the system for sev-
eral years. For this reason, the warm-up simulation in the plantation was carried out from 2001 to 2008 with
root water uptake parameters typical of the pasture, and then from 2008 to 2011 with those typical of a
plantation (more details are given in section 3.3). For consistency, a 10 year warm-up period was used also
for the pasture, with root water uptake parameters constant in space and time. The pressure head and sur-
face discharge distributions at the end of the warm-up period were then used as initial conditions for the
calibration simulations, while the states at the end of the calibration provided the initial conditions for the
validation simulations.
2.4.3. Parameter Calibration
Most of the soil parameters needed by the model were estimated from data collected in the ﬁeld and from
the literature. A detailed description of how the parameters were estimated is reported in Camporese et al.
[2014a]. The only parameters that needed tuning in order to achieve a satisfactory match between simu-
lated and observed states were hmin and some of the variables controlling ETa, i.e., the root water uptake
parameters han, zm, and pz. The parameter values obtained in the calibration are reported and discussed in
section 3.3.
3. Results
3.1. Water Balance, Groundwater Storage, and Streamflow
In 2011, 4% of rainfall in the eucalypt catchment was exported via streamﬂow (Q) and less than 1% was
exported via groundwater ﬂow (GWout); the drop in groundwater storage (Dh) was equivalent to 11% of
Table 1. Observed and Modeled Water Balance Parameters From 2010 to 2014, and the Direct Estimates of ETa From the Sap Flow and
Eddy Covariance Measurementsa
2011b 2012 2013 2014
Observed Observed Model Observed Model Observed Model
Eucalypt Catchment
P 629 577 577 674 674 556 556
Q 236 7 166 6 14 186 6 7 56 2 1
Dh 2696 10 2776 11 290 2456 7 232 21116 16 297
GWout 26 1 26 1 0 26 1 0 26 1 0
ET(calculated) 6736 18 6366 18 653 6996 14 699 6606 19 652
ETa (sap ﬂow) 6166 75
Pasture Catchment
P 629 577 577 674 674 556 556
Q 226 4 226 5 17 226 6 17 76 3 9
Dh 266 1 236 1 25 56 1 40 2366 3 267
GWout 56 1 66 1 0 56 1 0 56 1 0
ET(calculated) 6086 6 5526 7 565 6426 8 620 5806 7 614
ETa (eddy covariance) 534
aAll values are in mm.
bCalibration year for the model; errors are 1r (with a minimum of 1 mm), except for the ETa sap ﬂow values which are the 95% conﬁ-
dence interval, and Dh where they are the maximum change observed in a 15 day interval [see Dean et al., 2015].
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rainfall, and evapotranspiration (ETa; calculated from the water balance, equation (2)) accounted for c. 107%
of rainfall (Table 1). In the same year in the pasture catchment, 3% of rainfall was exported via streamﬂow,
1% by groundwater ﬂow, there was a drop in groundwater storage equivalent to 1% of rainfall, and 97%
was calculated to be lost by evapotranspiration (Table 1).
These values were consistent in both catchments for 2012 and 2013. Streamﬂow accounted for 3–4% of
rainfall export in the eucalypt catchment, groundwater export less than 1%, declines in groundwater stor-
age equivalent to 7–13% of rainfall, and calculated evapotranspiration 104–110%. In the pasture catchment,
streamﬂow accounted for 3–4% of rainfall export, groundwater export 1%, groundwater storage changes
were equivalent to an increase or decrease of up to 1% of rainfall, and calculated evapotranspiration was
95–97% (Table 1).
In 2014, streamﬂow in both catchments was about 1% of rainfall (Table 1), signiﬁcantly lower than the previ-
ous years. Groundwater storage decline was 20 and 7% in the eucalypt and pasture catchments, respec-
tively, but groundwater exports remained low at 1% or less in both. This decline in streamﬂow and
groundwater storage relative to rainfall in both catchments resulted in the highest evapotranspiration esti-
mates of 119% of rainfall in the eucalypt catchment and 104% in the pasture (Table 1).
Evapotranspiration calculated from the water balances was consistently greater than rainfall for all years in
the eucalypt catchment, explaining the drop in groundwater storage observed in this catchment when
compared to the pasture (Figure 2) [Dean et al., 2015]. In the pasture catchment, groundwater storage
remained stable across the study period, with calculated evapotranspiration less than rainfall every year
except 2014. In both catchments, groundwater levels showed seasonal cycles indicating that recharge is still
occurring.
The interpretation of streamﬂow dynamics in ephemeral catchments is complicated because of the com-
bined effects of streamﬂow rates and ﬂow duration. To compare streamﬂow in the two catchments, we
Figure 2. Groundwater storage change (Dh) since the measurements began in both catchments using available data (bi-monthly manual
groundwater measurements for bores E83, E84, E85, P74, P75, P80, and P82) back to 1997, and groundwater logger data from late 2009;
the hollow bars represent the eucalypt plantation prior to tree planting, and the solid black bars represent the eucalypt catchment after
planting. Dh is shown as a percentage of rainfall to normalize the data for comparison (negative values indicates groundwater decline);
annual rainfall totals are at the bottom of the ﬁgure.
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used ﬂow duration curves and the statistics of streamﬂow rates (Figure 3). The eucalypt stream has higher
peak runoff and more persistent low ﬂows than the pasture catchment, where the stream commonly ﬂows
for a shorter period of the year. The ﬂow rate distributions in the two catchments were statistically different
overall (Kolmogorov Smirnov test, P< 0.05). The ﬂows also experience variability between years: the distri-
butions of ﬂow in each year in the pasture were statistically different from each other (Kolmogorov Smirnov
test, P< 0.05); in the eucalypt catchment, streamﬂow rates in 2011 and 2012, and 2012 and 2013 were of
the same distribution (Kolmogorov Smirnov test, P> 0.05), while they were statistically different for the
remaining years. The streamﬂow data demonstrates that the slightly lower streamﬂow rates in the eucalypt
catchment were compensated by longer ﬂow duration, such that annual ﬂows in both catchments resulted
in similar annual streamﬂow when compared to annual rainfall.
3.2. Observed Evapotranspiration
Measured transpiration for the trees in the eucalypt catchment for 2012 was 3886 20 mm (Supporting
Information Table S2). This value excludes interception by the canopy and evaporative losses from the soil,
which are estimated to be 44 to 486 10% of rainfall for south-eastern Australian sites planted with E. globulus
(1–6 years older than the trees in the current study) and with similar annual rainfall (6200 mm) [Benyon
et al., 2006; Benyon and Doody, 2015]. Incorporating this estimate gives a total ETa for the forested area of
6426 78 mm. However, the plantation only covers 76% of the eucalypt catchment, the rest being pasture;
the evapotranspiration measured from the pasture catchment (534 mm; see below) was used for the other
24% of the catchment to give a total transpiration from February 2012 to January 2013 of 6166 75 mm,
very similar to that calculated from the water balance (6366 18 mm; Table 1).
The evapotranspiration measured by eddy-covariance in the pasture catchment for 16 March 2012 to 29
February 2013 was 514 mm. This was extrapolated to ﬁt the same time period as the water balance
Figure 3. (a) Flow duration curves for the period between February 2011 and January 2015 of daily streamﬂow for both eucalypt (E) and
pasture (P) catchments. (b) Box plots of the ﬂows occurring in different years in the two catchments; the numbers are the days with
streamﬂow in each year. (c) Days within each year when the streams ﬂowed.
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(February 2012 to January 2013) by assuming average daily evapotranspiration for the missing days in
February and March 2012, giving a value of 534 mm, 3% less than that calculated from the water balance
(5526 6 mm; Table 1).
Transpiration in the eucalypt catchment and evapotranspiration in the pasture had marked seasonal cycles
(Figure 4). They were low early in the year, during and after summer, when the high temperature and the
low rainfall reduce the amount of water available for transpiration. In this period of the year, the vegetation
cover in the pasture was limited. The rainfall in late autumn and winter provides water for transpiration,
which increased in both catchments around July–August, reaching the highest values in the period
between September and December, when daily solar radiation and VPD are increasing. This is also the
period of vegetation growth in the pasture. Evapotranspiration rates reduced again as summer approached
in December because of the lower water availability and the higher temperatures.
Differences in transpiration rates were observed in the three plots in the plantation from February through
May, with Plot 1 experiencing the lowest transpiration rates and Plot 2 the largest (Supporting Information
Figure S2). The differences in the transpiration rates in Plots 2 and 3 reduced in late autumn/early winter,
when rainfall started replenishing the unsaturated zone. These results agree with the accessibility of trees
to groundwater, as shown in Figure 1. In Plot 1, the groundwater is well within the average rooting depth of
Blue Gums (6–8 m) [Benyon et al., 2006]. However, the access to groundwater in this part of the catchment
might be a partly limiting factor due to the high salinity (5000–10,000 mS cm21; Supporting Information
Table S2); this would explain the lower sap ﬂow rates in Plot 1. Despite the high salinity, in the lower parts
of the catchment the drop in groundwater storage is greatest. This means that while the trees may prefer-
entially extract fresh water from the unsaturated zone, transpiration appears to also be partially sourced
from groundwater in this part of the catchment. In Plot 2, the depths to groundwater are deeper, but still
Figure 4. Time series of daily vapor pressure deﬁcit (VPD), daily solar radiation, daily rainfall, daily ETa from eddy covariance measure-
ments, and daily transpiration from the three sap ﬂow plots.
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within reach of the root system; the access to this additional pool of water would explain the largest sap
ﬂow rates in this plot. In the upper parts of the catchment (i.e., Plot 3), where the groundwater is too deep
for the trees to directly access (Figure 1), sap ﬂow rates were lower in the dry summer, but matched those
in Plot 2 as water became available with the ﬁrst rain in March–April.
3.3. Model Calibration and Validation
A manual calibration of the model was performed to achieve a satisfactory match between observed and
simulated daily streamﬂow and water table. Accordingly, the minimum ponding head (hmin) was assigned a
value of 5.03 1026 m for the eucalypt catchment and 4.03 1024 m for the pasture; the much smaller value
found for the eucalypt catchment is probably needed to compensate for the tree furrows, which hinder the
retarding effect of microtopography on surface runoff and could not be included in the surface representa-
tion due to the DEM resolution. In both catchments, we assigned href5 0.16 and hwp5 0.056, computed
from the model w–h retention curve as the corresponding values to pressure heads of 24 and 2150 m,
respectively, as suggested by Feddes et al. [1976]. In order to take the root growth into account, the maxi-
mum rooting depth zm in the eucalypt catchment was assumed to increase linearly with time, according to
the relationship zm5 0.85151 0.4515 t, where t is time in years from planting and the coefﬁcients were
computed based on a constant ratio between root and above-ground biomass [Fabi~ao et al., 1995] and the
available tree height data. Therefore, the ﬁnal value of zm at the end of the validation simulation was
approximately 4 m, while maximum root depths of mature E. globulus were reported between 6 and 8 m
[Benyon et al., 2006]. The root water uptake parameters left to tune were han and pz in both catchments and
zm in the pasture. Values of han5 0.38 and pz5 0.095 were assigned to the eucalypt catchment, whereas
han5 0.40 (i.e., no oxygen stress), zm5 1.0 m, and pz5 4.025 were found for the pasture catchment. As pz is
constant in space in the current model implementation, zm equal to 0.5 m was assigned in the eucalypt
Figure 5. Comparison between observations and CATHY simulation results for the calibration (16 February 2011 to 15 February 2012) and validation periods (16 February 2012 to 15
February 2015): daily streamﬂow in the (b) pasture and (g) eucalypt catchments. Water table levels in boreholes (c) P74, (d) P76, (e) P96, (h) E83, (i) E84, and (j) E90; note that the y axis
title of Figure 5d applies to all the water level ﬁgures. Black dots and lines refer to observations and gray lines indicate simulation results. Daily rainfall is reported in Figures 5a and 5f.
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catchment to the areas not covered by trees, to obtain a root distribution similar to the one used in the pas-
ture. All the model parameters are summarized in Supporting Information Table S4. Although hydraulic con-
ductivity was not tuned, it was assumed to be slightly larger than the estimates reported in Supporting
Information Table S1 (2.31 3 1027 to 3.36 3 1026 m s21) because slug tests are known to underestimate K
[Butler and Healey, 1998].
By tuning only hmin and some of the Feddes’ parameters, the model adequately reproduced the magnitude
and timing of daily streamﬂow for the calibration period (Figure 5), with Willmott indexes of agreements
(IoA) [Willmott, 1981] for the eucalypt and pasture catchments of 0.83 and 0.79, respectively. For the valida-
tion period, model performance was still satisfactory for the pasture catchment (IoA5 0.72), whereas
streamﬂow prediction in the eucalypt catchment degraded signiﬁcantly (IoA5 0.37) (Figure 5); the ﬁrst
streamﬂow peaks of the wet season being, in general, not well reproduced by the simulations. This was
probably due to uncertainties in the deﬁnition of the bedrock geometry, parameter spatial variability not
accounted for in the model, or changes in soil parameters of the ﬁrst 0.8 m caused by tree planting (section
2.1). Nevertheless, given that streamﬂow accounts for no more than 3–4% of the total annual precipitation
in both catchments, the modeling results can be considered acceptable, and ﬂow seasonality, typical of
ephemeral streams, was well captured.
Overall, the model was able to reproduce the observed water table dynamics in the shallowest bores (i.e.,
E83, E84, and E90 in the eucalypt catchment; P74, P76, and P96 in the pasture). During the calibration
period (Figure 5), the match was particularly good for the bores close to the outlets, i.e., P96 and E90, with
IoAs of 0.72 and 0.85, respectively, and coefﬁcients of determination (R2) of 0.74 and 0.67. On the eucalypt
catchment hillslope (E83), the model struggled to reproduce the correct dynamics (IoA5 0.35 and
R25 0.06), probably due to some spatial variability of the hydraulic conductivity that was not captured in
this study. However, on the pasture hillslope (P74), the groundwater dynamics were generally well captured
by the model (R25 0.84), although the absolute values of the measured water table levels were not as well
matched (IoA5 0.32), probably due to some variabililty in the soil thickness, not accounted for in the model,
and/or possible leakages to underlying geological formations, whereas we assumed a perfectly imperme-
able bedrock. The model performance was still reasonable, but poorer compared to E90 and P96, for the
bores E84 (IoA5 0.66 and R25 0.37) and P76 (IoA5 0.30 and R25 0.34), located close to the creeks, but fur-
ther upstream. This was likely caused by the dynamics of the water table here, which exhibits behavior sug-
gestive of a periodically conﬁned aquifer [Dean et al., 2015].
An overall satisfactory model performance was also achieved for the water table in the validation phase
(Figure 5). Again, the best model performance was achieved for the bores close to the outlets (IoA5 0.89
and R25 0.87 for E90; IoA5 0.79 and R25 0.72 for P96), while the overall dynamics was captured not only
in P74 (IoA5 0.31 and R25 0.71), but also in E83 (IoA5 0.56 and R25 0.85). Consistent with the calibration
phase, the model partially failed to reproduce the water levels in E84 (IoA5 0.66 and R25 0.30) and P76
(IoA5 0.36 and R25 0.36), with simulated water table ﬂuctuations signiﬁcantly overestimated compared to
the observed ones.
Potential evapotranspiration, ETp (calculated from the Morton’s formula), was used as a forcing input to the
model, and is converted into ETa by means of the root water uptake model. The total cumulative annual
evapotranspiration simulated in the pasture and eucalypt catchments compared well with the estimates
from the water budget and measurements obtained by the eddy covariance system and sap ﬂow data
(section 3.1 and Table 1).
4. Discussion
The most surprising result from the 4 years of monitoring data is that the streams in both catchments have
similar annual runoff totals despite the change in land use that has had a pronounced effect on ground-
water levels.
In the years prior to 2008 the changes in groundwater storage in the two catchments were generally well
matched (Figure 2). In 2009, there is a slight increase in groundwater storage in the eucalypt catchment,
likely caused by the low ETa of the immature trees and enhanced recharge down the freshly dug furrows
from tree planting the previous year. From 2010 the groundwater levels in the eucalypt catchment declined
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sharply compared to only small declines or even gains in the pasture catchment (Figure 2). The timing of
the decline in groundwater levels in the eucalypt catchment conﬁrms that this is not an artifact of some
other factor differentiating the two study catchments (e.g., geology), but is mainly due to the establishment
of the plantation and the associated increase in evapotranspiration. Both the water balances and the model
agree that ETa in the eucalypt catchment is greater than in the pasture, and this was also veriﬁed by the sap
ﬂow and eddy covariance ETa measurements from 2012 (Table 1).
The water balance terms given by the simulations are consistent with the estimates derived from the obser-
vations. In particular, the model was able to quantify the changes in total catchment water storage, includ-
ing the unsaturated zone, which would be impossible to estimate by the water table data only.
Furthermore, in the eucalypt catchment, it was possible to correctly identify these storage changes only be
considering the root growth dynamics, albeit with a simple conceptualization.
Annual ETa in the study plantation (636–699 mm) is less than the average ETa in South African eucalypt
plantations of 1100–1200 mm [Dye and Versfeld, 2007], and is in the lower range of other estimates from
south-eastern Australia (488–1343 mm) [Benyon et al., 2006; Benyon and Doody, 2015]. In South Africa, ETa
was limited mainly by rainfall, whereas in south-eastern Australia groundwater utilization was shown to be
the primary driver of plantation transpiration [Benyon et al., 2006; Benyon and Doody, 2015]. In the present
study, groundwater is a source of water uptake by the trees in parts of the catchment, while the limited run-
off interception and subsequent utilization by the trees, along with the groundwater salinity (see section
3.2), may be keeping ETa in the lower bounds of values observed in other studies.
Notwithstanding the large drop in groundwater levels in the eucalypt catchment, annual streamﬂow was
similar to the pasture catchment, although there are indications that the trees may be having some impact
on streamﬂow. Streamﬂow rate distributions in the eucalypt catchment were not signiﬁcantly different from
2011 to 2013, but were different in 2014. This may be evidence of the trees impacting streamﬂow; however,
rainfall in 2014 was very low, thereby possibly causing this change in and of itself, or magnifying the impact
of the trees. Overall, ﬂow distributions were signiﬁcantly different between the two catchments as well,
with the eucalypt catchment usually generating lower streamﬂow rates, but with periods of ﬂow lasting lon-
ger than in the pasture catchment (Figure 3); this resulted in similar annual streamﬂow values (Table 1). The
longer ﬂow durations in the eucalypt catchment may be due to contributions from groundwater discharge
into the stream channel [Dean et al., 2015], and if groundwater levels continue to decline this may eventu-
ally result in a decrease in overall streamﬂow in this catchment. This is also indicated by the model, which
underestimated streamﬂow in the eucalypt catchment for 2014, due to a slow but steady decline in return
ﬂow (i.e., groundwater ﬂuxes from the subsurface to the surface). By comparison, the simulation results do
not exhibit such decrease of return ﬂow in the pasture catchment (Supporting Information Figure S3).
To try to understand in simple terms the relationship between the rainfall regime in the two catchments
and streamﬂow, we compared the relationship between annual rainfall and the percentage of rainfall that
became runoff in different years (Figure 6a). The ratio of annual runoff and rainfall was very similar in the
two catchments and in 2014 was visibly lower than 2012 even though the annual rainfall was similar in
these 2 years. Since the ﬂow is intermittent, the rainfall regime may be as important as the total annual rain-
fall. This is clearly shown in Figures 6b and 6c, where it appears that the rainfall frequency k (i.e., the number
of days in the year with rainfall divided by the number of days in the year), is strongly affecting the stream-
ﬂow in both catchments, while the variability in the average daily rainfall amount a (i.e., the annual rainfall
depth divided by the number of rainy days in the year), appears less important. One interpretation of these
results is that the gradient of the catchment slopes (and downslope orientation of the tree furrows in the
eucalypt catchment, see below) directly induces streamﬂow during rainfall events, and for at least part of
the year are disconnected from groundwater, which is able to feed the two streams only in the wetter part
of the year. Frequent rainfall events would keep the catchment surface relatively wet, therefore encourag-
ing wetness connectivity that has been found to be a key driver of runoff generation in many experimental
hillslopes and catchments [e.g., McDonnell, 2013]. The drop of rainfall frequency below a certain threshold,
which appears to be about 0.32 day in the study catchments, caused a sharp reduction of streamﬂow. This
also reinforces the critical importance of antecedent catchment storage conditions prior to a given rainfall
event in driving streamﬂow in ephemeral catchments, as documented in previous studies [e.g., Ye et al.,
1997; Viola et al., 2014; Niedda and Pirastru, 2014].
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Furthermore, the furrows dug to plant
the trees run downslope over the
majority of the catchment (Figure 1),
facilitating overland ﬂow toward the
stream channel. The trees are planted
in the mound created by the furrows,
thereby allowing the furrows them-
selves to act as rapid conduits for run-
off downslope. This was somewhat
corroborated by the model: to achieve
accurate representations of the
streamﬂow in the eucalypt catchment
with CATHY, the minimum ponding
head (hmin) values (i.e., the threshold
that must be crossed in order to gener-
ate runoff) were c. 100 times smaller
than in the pasture catchment (5.0 3
1026 m versus 4.0 3 1024 m, respec-
tively; Supporting Information Table
S4). The greater root water uptake of
the eucalypts is offset by the lower
hmin values in this catchment, which
allows runoff and subsequent stream-
ﬂow to be generated more readily.
Therefore, the furrows play an impor-
tant role in funneling runoff into the
stream channel in the eucalypt catch-
ment. Running tree furrows downslope
is now common practice in Australia
for safety reasons during tree felling,
and the evidence presented here indi-
cates that it can also have a positive
response for maintaining streamﬂow
in ephemeral catchments.
The limited change in streamﬂow after
such a signiﬁcant land use change at
the study site highlights the region-
speciﬁc nature of impacts of land use
change in semiarid and arid areas. In
a parallel study in south-western
Victoria, Australia, a tree plantation
was shown to decrease streamﬂow by
55% [Adelana et al., 2014]; here the
topography was less steep and runoff
readily inﬁltrated into the soil and was
intercepted by the trees. Other studies
have shown similar streamﬂow reduc-
tions of 50–80% [Vertessy et al., 2001;
Benyon et al., 2009; Prosser and Walker,
2009]. However, Brown et al. [2005]
suggest that it may take more than 5
years following a change in land use
for a system to reach a new equilib-
rium, and further monitoring at the
Figure 6. Relationship between the ratio of annual streamﬂow and the percent-
age of rainfall with (a) annual rainfall, (b) frequency of rainfall occurrence k, and
(c) average daily rainfall amount in a year, a, in the eucalypt (E, closed symbols)
and pasture (P, open symbols) catchments.
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study site is needed to assess whether a signiﬁcant decline in streamﬂow has been delayed or prevented
altogether.
This ﬁnding is critical for water resources management, because it shows that land use might not be the
most important driver of the water balance in small ephemeral catchments, where the interplay of climate,
geology, topography (including tree furrows), and land cover determine the dynamics of water ﬂuxes and
storage in the catchments. Although the establishment of the plantation has reduced the availability of the
groundwater resource within the catchment, as observed elsewhere [Adelana et al., 2014; Benyon et al.,
2006], the water available at the outlet of the catchment did not vary much compared to the adjacent pas-
ture. This is likely due to the combination of topography and tree furrows, which allows water from rainfall
events to quickly runoff, depending more on the frequency of rainfall occurrence than the amount of rain.
Additionally, the results from the monitoring show that the use of hydrologic models to support the devel-
opment of water management plans need to be carefully considered. Most of the distributed models are
commonly calibrated and validated against streamﬂow; however, in the case of ephemeral catchments the
calibration and validation should be carried out considering both streamﬂow and groundwater levels, to
fully describe the dynamics within the catchments. As already suggested by Ye et al. [1997], the period of
ﬂow and streamﬂow rates as well as groundwater dynamics are important dynamics that models should be
able to describe in ephemeral catchments. As in other studies [Niedda and Pirastru, 2014], the model CATHY,
with the calibration of few parameters, was able to reproduce the dynamics of groundwater levels, but the
simulation of the depth to water table was more challenging for bores further upstream from the catch-
ment outlet. Additionally, the description of topography and bedrock was limited by the availability and
resolution of data, thus preventing us from accurately reproducing the tree furrows and wetness connectiv-
ity. Accordingly, we conclude that distributed models like CATHY can be effectively used to capture the
dynamics of streamﬂow and groundwater levels in ephemeral catchments; however, to improve model per-
formance in these catchments, where the annual streamﬂow is very small compared to the other terms of
the water balance, there needs to be a detailed and realistic representation of the topography and bedrock
geology.
5. Conclusions
Human-induced land use change has the potential to greatly impact hydrological processes at all scales
within a catchment. Maintaining streamﬂow at the outlet is thus a vital part of water management, particu-
larly in arid and semiarid regions. This research provides a comprehensive hydrologic data set over a multi-
year period in two catchments situated in a region where annual rainfall is (apart from a few exceptional
years) consistently below 800 mm and exceeded by evapotranspiration for much of the year. The multiyear
water balances (2011–2014), estimated from the observations and corroborated by the model results, show
that in the context of nearly 30 years of groundwater level monitoring at the study site, the recent tree plan-
tation has caused a dramatic decline in groundwater storage compared to the previous land cover of pas-
ture for grazing. However, the tree plantation has had little effect on streamﬂow. Streamﬂow in the tree
plantation is probably sustained by a combination of wetness connectivity paths, linked to the bedrock
geology, and by the downslope orientation of the tree furrows. This hypothesis needs to be further investi-
gated by means of hyper-resolution model simulations that include a detailed representation of the surface
topography and bedrock geology. Additionally, further monitoring is needed to determine whether stream-
ﬂow will reduce as the plantation grows to maturity, or whether the effect shown here can be used to man-
age tree plantations at a regional scale to minimize plantation impacts on streamﬂow.
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